Cocaine use disorder is a global public health problem for which there are no Food and Drug Administration-approved pharmacotherapies. Emerging preclinical evidence has implicated both serotonin (5-HT) 2C and 2A receptors as potential mechanisms for mediating serotonergic attenuation of cocaine abuse-related neurochemical and behavioral effects. Therefore, the present study aim was to determine whether repeated 7-day treatment with the 5-HT 2C agonist lorcaserin (0.1-1.0 mg/kg per day, intramuscular; 0.032-0.1 mg/kg/h, intravenous) or the 5-HT 2A inverse agonist/antagonist pimavanserin (0.32-10 mg/kg per day, intramuscular) attenuated cocaine reinforcement under a concurrent 'choice' schedule of cocaine and food availability in rhesus monkeys. During saline treatment, cocaine maintained a dose-dependent increase in cocaine vs food choice. Repeated pimavanserin (3.2 mg/kg per day) treatments significantly increased small unit cocaine dose choice. Larger lorcaserin (1.0 mg/kg per day and 0.1 mg/kg/h) and pimavanserin (10 mg/kg per day) doses primarily decreased rates of operant behavior. Coadministration of ineffective lorcaserin (0.1 mg/kg per day) and pimavanserin (0.32 mg/kg per day) doses also failed to significantly alter cocaine choice. These results suggest that neither 5-HT 2C receptor activation nor 5-HT 2A receptor blockade are sufficient to produce a therapeutic-like decrease in cocaine choice and a complementary increase in food choice. Overall, these results do not support the clinical utility of 5-HT 2C agonists and 5-HT 2A inverse agonists/antagonists alone or in combination as candidate anti-cocaine use disorder pharmacotherapies.
INTRODUCTION
Cocaine use disorder is a worldwide public health problem for which there are no approved pharmacotherapies (Acri and Skolnick, 2013; Czoty et al, 2016 ) Serotonin (5-HT) 5-HT 2C and 5-HT 2A receptors modulate mesolimbic dopamine neurotransmission that mediates the abuse-related effects of cocaine, and as a result, these receptors have emerged as pharmacological targets for candidate cocaine use disorder medications (Alex and Pehek, 2007; Howell and Cunningham, 2015) . Both 5-HT 2C and 5-HT 2A receptors are excitatory G q /G 11 -protein coupled receptors (Hannon and Hoyer, 2008) , but their distinct anatomical locations within the mesolimbic dopamine system result in distinct effects on dopaminergic neurotransmission. 5-HT 2C receptors are located primarily on GABA-ergic neurons that inhibit dopamine neurons, and as a result, stimulation of 5-HT 2C receptors excites GABA neurons, subsequently inhibits dopamine neurons, and attenuates abuse-related effects of cocaine. For example, acute pretreatment with the 5-HT 2C agonist RO 60-0175 attenuated cocaine-induced extracellular nucleus accumbens (NAc) dopamine increases in both rats (Cathala et al, 2015; Navailles et al, 2008) and monkeys (Manvich et al, 2012) . Consistent with this neurochemical evidence, acute pretreatments with RO 60-0175 or the 5-HT 2C agonist lorcaserin in rats and monkeys attenuated cocaine discrimination (Callahan and Cunningham, 1995; Collins et al, 2016) , cocaine selfadministration Cunningham et al, 2011; Fletcher et al, 2008; Gerak et al, 2016; Grottick et al, 2000; Harvey-Lewis et al, 2016; Manvich et al, 2012) and cocaine-induced reinstatement of extinguished cocaine selfadministration (Cunningham et al, 2011; Gerak et al, 2016; Harvey-Lewis et al, 2016; Manvich et al, 2012; Rüedi-Bettschen et al, 2015) . Additionally, lorcaserin-induced decreases in cocaine self-administration were sustained during chronic lorcaserin treatment in monkeys Gerak et al, 2016) . These results have been interpreted to suggest that 5-HT 2C agonists might have utility as candidate cocaine use disorder pharmacotherapies, but it should be noted that lorcaserin treatments that decreased cocaine self-administration also decreased food-maintained responding in monkeys. Poor selectivity of treatment effects on cocaine-vs food-maintained responding in preclinical studies is often associated with poor treatment outcomes in clinical trials .
In contrast to 5-HT 2C receptors, 5-HT 2A receptors are located primarily on dopamine neurons, and as a result, attenuation of dopamine neuronal activity can theoretically be achieved not by stimulating 5-HT 2A receptors, but by inhibiting them. Consistent with this possibility, intraaccumbens pretreatment with the 5-HT 2A antagonist M100,907 attenuated cocaine-induced NAc extracellular dopamine increases in the rat (Zayara et al, 2011) . Systemic M100,907 failed to attenuate cocaine-induced NAc extracellular dopamine increases, but did attenuate cocaineinduced striatal dopamine increases in monkeys (Murnane et al, 2013) . Furthermore, pretreatment with M100,907 (Fletcher et al, 2002; McMahon and Cunningham, 2001; Murnane et al, 2013) or another 5-HT 2A antagonist ketanserin (Munzar et al, 2002) attenuated the discriminative stimulus and reinstating effects of cocaine in both rats and monkeys. Although acute 5-HT 2A antagonist pretreatments have failed to attenuate cocaine self-administration in both rats (Filip, 2005; Fletcher et al, 2002; Nic Dhonnchadha et al, 2009 ) and monkeys (Fantegrossi et al, 2002; Murnane et al, 2013) , repeated 5-HT 2A antagonist treatment effects on cocaine self-administration are unknown.
The study goal was to further evaluate the potential of 5-HT 2 receptor ligands as candidate medications for cocaine use disorder. Specifically, this study examined repeated 7-day treatment effects with the 5-HT 2C agonist lorcaserin or the 5-HT 2A inverse agonist/antagonist pimavanserin, administered alone or in combination, on cocaine selfadministration by rhesus monkeys in the context of a cocaine-vs-food choice procedure that has been used previously to examine effects of other candidate medications (Banks et al, 2015) . Lorcaserin was investigated because it is more selective for 5-HT 2C vs 5-HT 2A than RO 60-0175 (Bentley et al, 2004; Thomsen et al, 2008) and because it has been approved by the U.S. Food and Drug Administration (FDA) for obesity treatment (Shukla et al, 2015) . Pimavanserin was investigated because it is a 5-HT 2A antagonist/ inverse agonist (Vanover et al, 2006 ) that has received FDA approval for Parkinson's disease-induced psychosis treatment (Walsh, 2016) . The combination was evaluated because recent evidence suggests a potential for synergism in 5-HT 2C agonist and 5-HT 2A antagonist effects (Cunningham et al, 2013) . Repeated treatment effects were determined because pharmacotherapies for substance use disorders are typically administered chronically in the clinic, and repeated treatment regimens enhance preclinical-to-clinical translation (Comer et al, 2008; Czoty et al, 2016; Haney and Spealman, 2008; Mello and Negus, 1996) . A cocaine vs food choice procedure was used for two reasons. First, choice procedures provide a measure of behavioral allocation that permits dissociation of treatment effects on the relative reinforcing effectiveness of cocaine from nonselective effects on operant responding (Banks and Negus, 2012) . Second, preclinical choice procedures promote preclinical-to-clinical translation of results, both because human laboratory studies also commonly use choice procedures to assess candidate medication effects on cocaine self-administration, and because a clinical goal of treatment is both to reduce cocaine use and to increase more adaptive behaviors maintained by nondrug reinforcers (Comer et al, 2008; Haney and Spealman, 2008; Vocci, 2007) . On the basis of the preclinical neurochemical and behavioral evidence cited above, we hypothesized that repeated lorcaserin and pimavanserin treatment would attenuate cocaine choice and produce a complementary increase in food choice.
MATERIALS AND METHODS

Subjects
Studies were conducted in a total of eight adult male rhesus monkeys (Macaca mulatta) of either Indian or Chinese origin. Three monkeys were used in studies of schedule-controlled responding for food delivery, and five monkeys were surgically implanted with a double-lumen venous catheter (STI Components, Raleigh, NC or Reiss Manufacturing, Blackstone, VA) for studies of cocaine vs food choice. Of these five catheterized monkeys, three had prior cocaine self-administration histories, and two had prior methamphetamine discrimination histories. Monkeys could earn 1 g banana-flavored pellets (Grain-based Precision Primate Tablets; Test Diets, Richmond, IL) during daily experimental sessions (see below). The monkeys diet consisted of food biscuits (Lab Diet High Fiber Monkey Biscuits; PMI Feeds, St Louis, MO) and fresh fruit delivered in the afternoons after behavioral sessions to minimize the effects of biscuit availability and consumption on foodmaintained operant responding. Water was continuously available in each monkey's home chamber, which also served as the experimental chamber. A 12 h light/dark cycle was in effect (lights on from 0600 to 1800 h). Environmental enrichment, which consisted of movies displayed on a monitor in the housing room and foraging boards loaded with nuts, seeds, or diced vegetables was also provided after behavioral sessions. Facilities were licensed by the United States Department of Agriculture and accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. The Institutional Animal Care and Use Committee approved all experimental and enrichment protocols. Animal research and husbandry were conducted according to the eighth edition of the Guide for the Care and Use of Laboratory Animals.
Assay of Schedule-Controlled Responding
Behavioral procedure. To provide an initial assessment of the potency and time course of intramuscular (IM) lorcaserin and pimavanserin in rhesus monkeys, experiments were conducted in a food-maintained schedule-controlled responding procedure. As described previously (Banks et al, 2010) , each home chamber was equipped with a customized operant response panel, which had a response key that could be transilluminated red, and a pellet dispenser (Med Associates, ENV-203-1000, St. Albans, VT) that delivered food pellets to a receptacle below the operant panel. The panel was controlled by a MED-PC interface and an IBM compatible computer programmed in MEDSTATE Notation (Med Associates). Experimental sessions were 150 min in duration and consisted of five 30 min cycles. Each cycle consisted of two components: a 25 min time-out period followed by a 5 min response period. During the time-out period, no stimulus lights were illuminated, and responding had no scheduled consequences. During the response period, the right key was transilluminated red and subjects could respond for up to 10 food pellets under a fixed-ratio 30 (FR30) schedule of reinforcement. If all 10 food pellets were earned before 5 min had elapsed, the lights were turned off and responding had no scheduled consequences for the remainder of that response period. All monkeys were trained until they responded at relatively stable rates ≥ 1.0 response per second during all five cycles for 10 consecutive days (data not shown).
Behavioral sessions were conducted 5 days a week. Test sessions were usually conducted on Tuesdays and Fridays, and training sessions were conducted on Mondays, Wednesdays, and Thursdays. In addition, test sessions were conducted only after a training session during which the monkeys responded at rates ≥ 1.0 response per second for all five cycles. During training sessions, monkeys received either no injection or saline injections at the beginning of each cycle. During time course test sessions, either saline, lorcaserin (0.1-1.0 mg/kg, IM) or pimavanserin (1.0-10.0 mg/kg, IM) was administered, and 5 min response periods were initiated 10, 30, 100, 130, 300 min, and 24 h after administration.
Data analysis. Raw response rates from each test cycle were converted to percent of control using the average rate from the previous training day in that monkey as the control value. data were analyzed (JMP Pro 12.2.0, SAS, Cary, NC) using a two-way repeated-measures ANOVA with drug dose and time as the main factors. In the presence of a significant main effect of drug dose or drug dose × time interaction, post hoc analyses were conducted using the Dunnett post hoc test for comparisons with saline within a given time point. The criterion for significance was set a priori at the 95% confidence level (Po0.05).
Assay of Cocaine vs Food Choice
Behavioral procedure. As described previously (Banks et al, 2011) , each housing chamber was equipped with a customized operant response panel, which had two response keys that could be transilluminated red or green, and a pellet dispenser (Med Associates, ENV-203-1000) that delivered food pellets to a receptacle below the operant panel. The externalized portion of the intravenous (IV) catheter was routed through a custom jacket and tether system connected to a dual-channel fluid swivel (Lomir Biomedical, Malone, NY) on the chamber top and then to two safety syringe pumps (Med Associates, PHM-108), one for each lumen of the double-lumen catheter. One pump was used to deliver contingent cocaine injections through one lumen of the double-lumen catheter. The second pump was used to deliver noncontingent saline or lorcaserin (0.032-0.1 mg/kg/h) injections through the second lumen at a programmed rate of 0.1 ml injections every 20 min from 1200 h each day until 1100 h the next morning. Catheter patency was periodically evaluated with IV ketamine (Vedco, St Joseph, MO) administration and after any treatment that produced a rightward shift in the cocaine choice dose-effect function. The catheter was considered patent if IV ketamine administration produced muscle tone loss within 10 s.
Daily experimental sessions were conducted from 0900 to 1100 h in each monkey's home chamber as described previously (Banks et al, 2011) . The terminal choice schedule consisted of five 20 min components separated by 5 min inter-component intervals, during which responding had no scheduled consequences. During each component, the left, food-associated key was transilluminated red, and completion of the FR requirement (FR100) resulted in food pellet delivery. In addition, the right, cocaine-associated key was transilluminated green, and completion of the FR requirement (FR10) resulted in delivery of the IV unit cocaine dose available during that component. The unit cocaine doses available during each of the five successive components were 0, 0.0032, 0.01, 0.032, and 0.1 mg/kg per injection, respectively. Stimulus lights on the cocaine-associated key were flashed on and off in 3 s cycles, and longer flashes were associated with higher cocaine doses. Ratio requirement completion initiated a 3 s timeout, during which all stimulus lights were turned off, and responding had no scheduled consequences. Experimental parameters used in this study were based on extensive parametric manipulations (Banks et al, 2013b; Negus, 2003) and permitted detection of both leftward and rightward shifts in the cocaine choice doseeffect function. Choice behavior was considered to be stable when the lowest unit cocaine dose maintaining at least 80% cocaine vs food choice varied by ≤ 0.5 log units for 3 consecutive days. The data from these 3 days were subsequently used as the 'baseline' for statistical and graphical comparisons with each pharmacological treatment.
Once cocaine vs food choice was stable, experimental test periods were conducted to determine lorcaserin or pimavanserin treatment effects on cocaine vs food choice. Each dose of lorcaserin (0.1-1.0 mg/kg per day IM) or pimavanserin (0.32-10 mg/kg per day IM) was tested by repeated administration for seven consecutive days. IM lorcaserin doses were administered between 0840 and 0850 h, and IM pimavanserin doses were administered between 0755 and 0805 h, before the start of the 0900 h behavioral choice session. At the conclusion of each 7-day treatment period, treatments were terminated for at least 4 days and until cocaine vs food choice had returned to pretest levels. Each drug treatment was evaluated in a cohort of four monkeys, and three monkeys received both drugs alone and the combination. The dose order within each drug was counterbalanced across subjects, and in those monkeys that received both lorcaserin and pimavanserin, pimavanserin was tested first. The largest pimavanserin dose (10 mg/kg per day) produced large decreases in food-maintained responding, biscuit consumption, or body weights so this dose was tested in only two monkeys. A follow-up study evaluated effects of combined treatment with the largest inactive doses of repeated lorcaserin (0.1 mg/kg) and pimavanserin (0.32 mg/ kg) in four monkeys.
Data analysis. The primary-dependent measures for each component were percent cocaine choice, defined as (number of ratio requirements, or 'choices', completed on the cocaineassociated key/total number of ratio requirements completed on both the cocaine-and food-associated keys) × 100 and rates of operant responding in responses per second. Mean data from the 3 days preceding each pharmacological treatment were averaged for each individual monkey and then averaged across monkeys to yield the group mean 'baseline' data. Mean data from the last 3 days of each 7-day lorcaserin, pimavanserin, or lorcaserin+pimavanserin treatment were averaged for each individual monkey and then averaged across monkeys to yield the group mean data. Percent cocaine choice was then plotted as a function of the unit cocaine dose and analyzed using a mixed-model analysis (JMP Pro 12, SAS) with treatment drug-dose and unit cocaine dose as the fixed main effects and subject as the random effect. A Dunnett's test was performed to compare treatment effects with baseline within a unit cocaine dose. Additional dependent measures collected during each behavioral session included the numbers of food, cocaine, and total choices summed across all components, and these data were analyzed using one-or two-way repeatedmeasures ANOVA and a Dunnett's test as appropriate. The criterion for significance was set a priori at the 95% confidence level (Po0.05).
Drugs
(− )-Cocaine HCl, lorcaserin HCl, and pimavanserin L-tartrate were provided by the National Institute on Drug Abuse Drug Supply Program (Bethesda, MD). All drugs were dissolved in sterile water, and all solutions were passed through a 0.22 micron sterile filter (Millipore, Billerica, MA) before either intravenous or intramuscular administration. Drug doses were calculated and expressed using the salt forms listed above.
RESULTS
Lorcaserin and Pimavanserin Effects on ScheduleControlled Responding
The average ± SEM control rate of responding throughout the study was 2.44 ±0.24 responses/s. Both lorcaserin (dose: F 3,40 = 31.3, Po0.0001; interaction: F 11,40 = 4.0, P = 0.006) and pimavanserin (dose: F 1.03,2.07 = 66.4, P = 0.0133) significantly decreased rates of operant responding (Figure 1 ). For lorcaserin, both 0.32 and 1.0 mg/kg significantly decreased response rates, and the time course of these lorcaserin effects were dose dependent and dissipated by 5 h (Figure 1a ). Pimavanserin had a slow onset of action, and a significant decrease in response rates was not observed until 24 h after 10 mg/kg pimavanserin (Figure 1b) . Response rates were not evaluated again until 72 h after pimavanserin treatment, and by this time, rates recovered to baseline levels (data not shown). On basis of these behavioral results and human pimavanserin neuroimaging and pharmacokinetic data (Nordstrom et al, 2008) , lorcaserin was administered as a 15 min pretreatment and pimavanserin was administered as a 60 min pretreatment for the cocaine vs food choice experiments.
Because the IM lorcaserin time course effects on foodmaintained responding were dissipating by the 135 min time point, a time point that corresponded with fourth and fifth components of the cocaine vs food choice session where cocaine was primarily chosen over food, a follow-up study was conducted evaluating 7-day treatment effects of lorcaserin (0.032-0.1 mg/kg/h) using a continuous intravenous delivery procedure previously described by our laboratory (Banks et al, 2013a; Negus, 2004) . Due to limited lorcaserin supply, 0.1 mg/ kg/h lorcaserin was tested in four monkeys and 0.032 mg/kg/h lorcaserin was tested in two monkeys. At the conclusion of each 7-day treatment period, saline treatment conditions were instituted for at least 4 days and until cocaine vs food choice had returned to pretest levels. Lorcaserin doses were evaluated in descending order. Pimavanserin was not evaluated under continuous intravenous delivery conditions due to the long and protracted time course of effects in the assay of schedulecontrolled responding. Ordinates: percent control rate of responding. All points represent mean ± SEM. Filled symbols denote significantly different from saline (po0.05).
5-HT 2C and 5-HT 2A mechanisms of cocaine choice ML Banks and SS Negus
Lorcaserin Effects on Cocaine Choice
Under baseline conditions, monkeys primarily chose food when cocaine was not available (0 mg/kg per injection) or the unit cocaine dose was small (0.0032-0.01 mg/kg per injection) and almost exclusively reallocated their behavior to cocaine choice during availability of larger unit cocaine doses (0.032-0.1 mg/kg per injection) (Figures 2,3,4 ; dashed lines). Figure 2 shows 7-day repeated lorcaserin (0.1-1.0 mg/kg per day) and (0.032-0.1 mg/kg/h) treatment effects on cocaine choice (A, D), rates of operant responding per component (B, E), and numbers of total, food, and cocaine choices per session (C, F), respectively. Because 0.032 mg/kg/ h lorcaserin was only tested in two monkeys, statistical analyses were only conducted on the 0.1 mg/kg/h lorcaserin data. Repeated IM or IV lorcaserin treatment did not significantly alter percent cocaine choice. Both 1.0 mg/kg per day (lorcaserin: F 3,9 = 13.2, p = 0.0012) and 0.1 mg/kg/h (lorcaserin: F 1,3 = 17.7, p = 0.0245; interaction: F 3,9 = 5.0, p = 0.0267) lorcaserin significantly decreased rates of operant responding. 1.0 mg/kg per day lorcaserin also significantly 5-HT 2C and 5-HT 2A mechanisms of cocaine choice ML Banks and SS Negus decreased both total and food choices per session (2C; dependent measure: F 2,24 = 74.7, po0.0001; lorcaserin dose: F 3,12 = 12.7, p = 0.0005; interaction: F 6,24 = 4.9, p = 0.002).
Pimavanserin Effects on Cocaine Choice
Figure 3 shows 7-day repeated pimavanserin treatment effects on cocaine choice (A), rates of operant responding per component (B), and the overall numbers of total, food, and cocaine choices for the entire session (C). Pimavanserin produced a dose-dependent increase in cocaine choice and a decrease in the numbers of total and food choices per session. Repeated 3.2 mg/kg per day pimavanserin significantly increased preference for smaller unit cocaine doses (0.0032-0.01 mg/kg/injection) (cocaine: F 3,41 = 36.2, po0.0001; pimavanserin: F 3,41.6 = 4.0, p = 0.013; interaction: F 9,41.2 = 3.0, p = 0.0071). Furthermore, repeated 1.0 and 3.2 mg/kg per day pimavanserin significantly decreased the numbers of both total and food choices per session (dependent measure: F 2,6 = 149.7, po0.0001; interaction: F 6,18 = 3.0, p = 0.0324). Repeated 10 mg/kg per day pimavanserin eliminated food-maintained responding during concurrent cocaine availability such that both monkeys exclusively chose cocaine over food when they responded (Figure 4 ). 
Pimavanserin and Lorcaserin Coadministration Effects on Cocaine Choice
DISCUSSION
The present study examined repeated 7-day treatment effects with either the 5-HT 2C agonist lorcaserin or the 5-HT 2A inverse agonist/antagonist pimavanserin, administered alone or in combination, on cocaine vs food choice in rhesus monkeys. There were three main findings. First, both acute and repeated lorcaserin and pimavanserin treatment dosedependently decreased rates of operant responding in monkeys. Second, both lorcaserin and pimavanserin failed to decrease cocaine vs food choice at doses at or below those that decreased overall rates of operant responding and reinforcement. Finally, a single combination of ineffective lorcaserin and pimavanserin doses failed to alter cocaine choice, rates of responding, or rates of reinforcement. Overall, the present results do not support the clinical utility of either 5-HT 2C agonists or 5-HT 2A inverse agonists/ antagonists alone or in combination as candidate anticocaine use disorder pharmacotherapies. Error bars are not shown due to individual subject data.
Lorcaserin Effects on Cocaine Choice
5-HT 2C and 5-HT 2A mechanisms of cocaine choice ML Banks and SS Negus agonists stems in part from evidence in rats (Cunningham et al, 2011; Fletcher et al, 2008; Grottick et al, 2000; HarveyLewis et al, 2016) and nonhuman primates Gerak et al, 2016; Manvich et al, 2012) that 5-HT 2C agonists produce dose-dependent decreases in cocaine self-administration after acute treatment and sustained decreases in cocaine self-administration during repeated treatment for periods up to 14 days. A caveat to these results has been that 5-HT 2C agonist doses that decrease cocaine self-administration also usually decrease responding maintained by other reinforcers. For example, RO 60-0175 was equipotent to decrease responding maintained by 0.25 mg/ injection cocaine and 45 mg food pellets in rats (Grottick et al, 2000) , and lorcaserin was equipotent to decrease responding maintained by 0.032 mg/kg per injection cocaine and 300 mg food pellets in rhesus monkeys . In squirrel monkeys, RO 60-0175 was slightly (o3-fold) more potent to decrease self-administration maintained by a range of cocaine doses than by termination of a stimulus associated with shock delivery; however, another 5-HT 2C agonist, mCPP, did not display this selectivity, and in rats, the 5-HT 2C agonist WAY 163909 was actually less potent to decrease cocaine selfadministration than sucrose-maintained responding (Cunningham et al, 2011; Manvich et al, 2012) . Taken together, these results suggest that 5-HT 2C agonists do not selectively decrease the reinforcing effectiveness of cocaine, but rather produce nonselective decreases in operant responding maintained by a broad range of reinforcers. In agreement with these previous studies, the present study found that lorcaserin produced a dose-dependent, but nonselective, decrease in responding maintained by cocaine and food. Additionally, the failure of lorcaserin to decrease measures of cocaine-vs-food choice provides additional evidence to suggest that lorcaserin did not decrease the relative reinforcing efficacy of cocaine in comparison with food. This profile of nonselective decreases in operant responding and failure to decrease cocaine-vs-food choice in preclinical studies has generally predicted poor outcomes in clinical trials (Banks et al, 2015; Czoty et al, 2016; Mello and Negus, 1996) . As a result, we interpret the present and previous results as evidence against the hypothesis that 5-HT 2C agonists will have utility for cocaine use disorder treatment.
Insofar as behavioral selectivity to decrease cocaine selfadministration and cocaine choice is a desirable attribute of candidate medications, it important to note that expression of behavioral selectivity can be influenced by factors independent of the mediction, such as the unit cocaine dose and the type and magnitude of the alternative reinforcer. Regarding cocaine dose, for example, lorcaserin was equipotent (ie, nonselective) to decrease responding maintained by 0.032 mg/kg per injection cocaine and 300 mg food pellets in rhesus monkeys, but even the highest lorcaserindoses tested in that study failed to decrease selfadministration of higher cocaine doses (0.1-0.32 mg/kg per injection) Gerak et al, 2016) . More generally, the behavioral selectivity of candidate medications or other treatments to decrease cocaine self-administration or cocaine choice is often inversely related to the unit cocaine dose, with greater selectivity at lower cocaine doses (Banks et al, 2013b; Mello and Negus, 1996; Stafford et al, 2000) . Medications that display behavioral selectivity to decrease large-as well as small-dose cocaine self-administration might be optimal, in part, because drug abuse typically involves the use of large doses and also because responding maintained by small doses can often be reduced by nonpharmacological 5-HT 2C and 5-HT 2A mechanisms of cocaine choice ML Banks and SS Negus strategies (eg, contingency management) (Donny et al, 2003; Lile et al, 2016) .
Preclinical measures of behavioral selectivity can also be influenced by parameters of the alternative reinforcer. Of particular relevance for this study, lorcaserin is clinically approved as an anorectic medication for treatment of obesity, and it has established effectiveness to reduce food consumption (Shukla et al, 2015) . This raises the possibility that lorcaserin treatment decreased the relative reinforcing effectiveness of food and cocaine equally, resulting in a net no change in cocaine-vs-food choice behavior. An implication of this alternative explanation would be that behavioral selectivity of lorcaserin effects on cocaine self-administration might improve if an alternative reinforcer other than food were used. Some support for this possibility is provided by the comparison of 5-HT 2C agonist effects on responding maintained in squirrel monkeys by cocaine and by termination of a stimulus associated with shock delivery (Manvich et al, 2012) . However, even in this study, effects of one 5-HT 2C agonist (mCPP) were nonselective, and effects of the other (RO 60-0175) were only weakly selective. Additionally, the failure of lorcaserin to decrease cocaine-vs-food choice in the present study contrasts with the effectiveness of other clinically approved anorectic drugs (eg, d-amphetamine and phendimetrazine) to decrease cocaine-vs-food choice under identical conditions (Banks et al, 2011; Banks et al, 2013a) . These results suggest that evidence of poor selectivity for 5-HT 2C agonists to decrease cocaine self-administration and cocaine choice cannot be attributed solely to use of food as the alternative reinforcer. More generally, the present results extend the range of conditions under which 5-HT 2C agonists fail to produce selective decreases in cocaine selfadministration.
Pimavanserin and Lorcaserin+Pimavanserin Effects on Cocaine Choice
Repeated treatment with the 5-HT 2A inverse agonist/ antagonist pimavanserin also failed to attenuate cocaine choice and produce a complementary increase in food choice up to pimavanserin doses that disrupted rates of responding. The present results confirm and extend previous findings that acute 5-HT 2A antagonist pretreatment does not attenuate cocaine self-administration in either rats (Filip, 2005; Fletcher et al, 2002; Nic Dhonnchadha et al, 2009) or monkeys (Fantegrossi et al, 2002; Murnane et al, 2013) . Thus, repeated pimavanserin treatment in the present study did not reveal a therapeutic-like rightward shift in the cocaine choice dose-effect function. Furthermore, the present results are also consistent with repeated quetiapine (Brutcher and Nader, 2015) and risperidone (Hutsell et al, 2016) treatment effects on cocaine choice. These two atypical antipsychotics possess 5-HT 2A antagonist properties (Richelson and Souder, 2000) , and like pimavanserin, they also failed to decrease cocaine vs food choice in rhesus monkeys. Overall, the present results and the extant preclinical literature suggest that 5-HT 2A receptors are not necessary for cocaine reinforcement and that 5-HT 2A antagonists do not represent a promising class of anticocaine use disorder medications.
One potential strategy to reduce undesirable effects and enhance the therapeutic effects of canidate cocaine use disorder medications might be to combine 5-HT 2c agonists and 5-HT 2A antagonist treatments (Howell and Cunningham, 2015) . For example, the combination of ineffective 5-HT 2c agonist (WAY163909) and 5-HT 2A antagonist (M100,907) doses significantly decreased both cocaine-and cue-primed reinstatement of extinguished cocaine self-administration (Cunningham et al, 2013) . In contrast, the present study found no evidence of a therapeutic-like treatment effect on cocaine choice by combining lorcaserin and pimavanserin doses that alone did not significantly alter rates of operant responding during repeated administration. Larger-dose combinations were not tested due to nonselective decreases in rates of operant responding as reported above. However, the degree to which repeated treatment with other lorcaserin and pimavanserin dose combinations might alter cocaine choice remains to be empirically determined.
Implications for Anti-Cocaine Addiction Medication Development
Currently, there are two ongoing human-laboratory studies (NCT02680288 and NCT02537873) evaluating acute and repeated lorcaserin treatment effects on cocaine selfadministration in humans. Results of these and other related studies will help to clarify both the utility of lorcaserin to treat cocaine use disorder and the profile of preclinical effects in laboratory animals that is most predictive of candidate medication effects in humans. Notably, both studies are evaluating lorcaserin effects on choice between intravenous cocaine doses and monetary alternative reinforcers, and the predominant use of choice procedures in these types of human-laboratory studies is one rationale for the use of choice procedures in preclinical studies such as the one reported here.
Further consideration of lorcaserin and pimavanserin as treatment options for cocaine use disorder will have to await the outcome of human-laboratory studies and clinical trials, but the present results can also be compared with results of other candidate medications that have already progressed through both preclinical and clinical studies. In particular, lorcaserin and pimavanserin were tested here as candidate medications hypothesized to reduce cocaine choice by reducing cocaine effects on mesolimbic dopamine release. In this regard, the effects of these 5-HT2 receptor ligands can be compared with effects of other medications hypothesized to attenuate cocaine-induced stimulation of mesolimbic dopamine transmission, including dopamine receptor antagonists (which block postsynaptic dopamine receptors) and kappa opioid receptor agonists (which activate inhibitory kappa receptors on mesolimbic dopamine neurons to inhibit dopamine release). Like lorcaserin and pimavanserin, both dopamine receptor antagonists (John et al, 2015; Negus et al, 1996) and selective kappa receptor agonists (Negus, 2004; Negus et al, 1997) produce nonselective decreases in cocaine-vs food-maintained responding and fail to decrease cocaine-vs-food choice in rhesus monkeys. Moreover, both dopamine receptor antagonists and kappa receptor agonists have failed to reduce cocaine use in human-laboratory studies and/or clinical trials (Grabowski et al, 2000; Walsh et al, 2001; Winhusen et al, 2014) . Overall, then, the results of the present study with lorcaserin and pimavanserin are consistent with other evidence from other drug classes that pharmacological inhibition of mesolimbic dopamine transmission is not an effective approach to treatment of cocaine use disorder. Additionally, the poor effectiveness of these compounds contrasts with the effectiveness of some other approaches, such as amphetamine maintenance, to produce sustained and selective decreases in cocaine selfadministration and cocaine-vs-food choice in rats and rhesus monkeys and to decrease metrics of cocaine use in both human-laboratory studies and clinical trials (Banks et al, 2015; Pérez-Mañá et al, 2011) .
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